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Electronic Structure

@ Electron Dispersion

H-Si(111) 1x1

@ Mechanical Stability
@ Corrosion Resistance
@ Chemical Reactivity

@ Electrical Conductivity

@ Thermal Conductivity

@ Magnetism

@ Wolfgang Eberhardt



Geometric Structure

@ Atom Positions
@ Atom Types
@ Bond Lengths

@ Geomeftry




X-ray Microfocus MR-CAT

Materials Research

DETECTOR COMPUTERIZED IMAG

ﬁ

INSERTION .
o . SAMPLE

ION CHAMBER
COMPUTERIZED IMAGE

CRYSTAL
DETECTOR

COMPUTED IMAGE OF DIFFRACTED X-RAYS

S0 W uumulmm/

X-ray Absorption

\||||||||||I||I||I\IIHIIIIIIIIIIIIIIIIHIIIIIIII
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Photoemission
Measurement




X-ray Techniques

@ Photoelectric
Effect

@ Photon In
@ Electron Out

@ Every Atom Has
Orbitals With
Different Binding
Energies



PHOTOEMISSION

Ein  Spectrum

Yalence Band

@ Photoelectric Effect
@ Photon In
@ Electron Out
® KE = hv - BE - ¢

@ Probes Occupied
Electronic States




Cross Section

@ How do we understand photoemission?

o.(E) = 31%0al| N(E — B, )L |1 RE _ + (1+1)RE . ]

where « is the fine structure constant; a, is the Bohr Radius,
N, is the number of electrons in the subshell, E , is the

binding energy of the level, and E is the energy of the ejected

electron.
O

RE,lilzf P

; nl(r)rPE,lil(r) dr

where P,(r) is the radial part of the wavefunction.



Theory

@ Three Sfep Model ® Three Step Model

photoexcitation
of the electron

@ W. Spicer

@ Photoexcitation '

transport penetration

@ Transition Matrix Element to the through the
surface surface

@ Transport to Surface

@ KE > Vacuum Level but e-
located inside crystal

@ Scattering

crystal |vacuum

@ Escape from Surface

® Refraction at Barrier




EXAFS Theory

@ Single Scattering Approximation

TP o £5 | (| e - |0} " 8(E, — E, — hw)
but v , is complicated.
br=to+ Y,
pikr BT )

A )
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EXAFS Equation
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Fine Structure

@ Fine Structure

@ RI>R2

@ Higher Frequency
Oscillations

@ NI>N2 at fixed R
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@ Higher Amplitude
Oscillations

@ Same Fpequency PHOTON ENERGY
J. Stohr Nexafs Spectroscopy



Ag/X Clusters X=Pt/Pd

® Aqueous Metal Salt Solution

@ Mole Ratios 20/80 to 80/20

@ Radical Scavanger 2-propanol

@ Poly(vinyl alcohol)

® Gamma Irradiation at UMR Reactor Pool
@ 36-48 Hours 3-3.5kGy

@ Radiolysis



Radiolysis

v - radiation

H,0 .. .. 411,08 H -, Ofls, H;0,
G +F MBI
e, T M M°

nM, — (n-2) M+M; — ..M



MRCAT Beamline, Sector 10ID-B, Advanced Photon Source

Monochromic
X-ray beam

Storage ring
Hutch A

Insertion device(ID)

<

Experimental Hutch B

Transmitted Intensity
Monitor, Mix Ar, N,, He

Cryogenic Si-111
double-crystal monochromator

Incident Intensity Harmonic Rejection Mirror
Monitor, Mix Ar, N,, He

13-element Ge
Detector

_ TS

Defining slits

Feedback

Calibration foil

Ken Reference Monitor,
Air Scatter, PIN Diode




Ag K-edge

X-ray Absorption

—— Ag 80% Pd 20%

—— Ag 60% Pd 40%
Ag 60% Pt 40%

—— Ag 40% Pd 60%
Ag 20% Pt 80%

—— Ag foll
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Ag K-edge x(k)

Ag K-edge
k (k)
—— Ag 40% Pd 60%
—— Ag 60% Pd 40%
—— Ag 80% Pd 20%
—— Ag foil
Ag 60% Pt 40%
Ag 20% Pt 80%




Ag K-edge x(r)

Ag K-edge
I (R)I
—— Ag 40% Pd 60%
—— Ag 60% Pd 40%
—— Ag 80% Pd 20%
—— Ag foil
Ag 60% Pt 40%
Ag 20% Pt 80%
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Ag K-edge x(r)

Ag K-edge
Ix(R)I
—— Ag 40% Pd 60%
—— Ag 60% Pd 40%
—— Ag 80% Pd 20%
—— Ag foll
Ag 60% Pt 40%
Ag 20% Pt 80%

| |
2.6 2.7
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Pd K-Edge
X-ray Absorption
—— Pd 20% Ag 80%
—— Pd 40% Ag 60%
—— Pd 60% Ag 40%
Pd 60% Ag 40% filament
—— Pd foil
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Pd K-edge x(K)

Pd K-edge
k x(k)
—— Pd foil
—— Pd 60% Ag 40%
Pd 60% Ag 40% filament
—— Pd 40% Ag 60%
—— Pd 20% Ag 80%




Pd K-edge x(R)

Pd K-edge
Ix(R)I
—— Pd foll
—— Pd 60% Ag 40%
Pd 60% Ag 40% filament
—— Pd 40% Ag 60%
—— Pd 20% Ag 80%
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Pt L, -Edge

X-ray Absorption
—— Pt 80% Ag20%
— Pt 60% Ag 40%
—— Pt foll
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P+ K-edge x(k)

Pt L, -Edge

k (k)

—— ptfoilchi
—— pt80ag20chi
—— pt60ag40chi




Pd K-edge x(R)

Pt L, -Edge

lx(R)I

—— Pt foil

—— Pt 80% Ag 20%
—— Pt 60% Ag 40%

I
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Qualitative Trends

@ Ag Edge
® AgPd Shorter Bond Length Trend
@ AgPt No Strong Trend
@ Pd Edge
@ AgPd Longer Bond Length Trend
@ Pt Edge
@ AgPt No Strong Trend



Cluster Feff
Calculations

@ Feff 8.2 is a program designed to calculate
the X-ray absorption spectrum of a system
from 1st principles.

@ It uses the Local Density Approximation
method of Density Functional Theory to
calculate self-consistent potentials that it
uses to model electron scattering in a
material.



Feff Calculations

@ We must make assumptions about our
system in order o model it with Feff.

@ In the case of the AgX Clusters, we made
the assumption that we could model the

clusters by starting with Pd, Pt, and Ag
crystals.

@ We substituted the proposed alloy material
into a perfect crystal and calculated the
expected scattering paths.



Feff Fitting of Expt
DATA

@ We fit the experimental data to determine
bond lengths from both directions to
determine and approximate error in our
measurements.

@ Typically, the error that this directional
fitting introduced was 0.03A.



Ag K-edge
k x(k)

Ag 40% Pd 60%
Ag 60% Pd 40%
Ag 80% Pd 20%
Ag 60% Pt 40%
Ag 20% Pt 80%
—— Best Fits Solid




AgPd Fit Results

Ag Nearest Neighbor Distance
—— Ag Distance

Vegard's Law

Vegard's Law Ag Contraction
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PdAg Fit Results

Nearest Neighbor Distance
— Ag Distance
—— Pd Distance
Vegard's Law
Vegard's Law Ag Contraction
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Nearest Neighbor Distance

— Ag Distance

— Pt Distance
Vegard's Law
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Dielectric Devices

@ Create nanowires in aerogels.
@ Aerogels are non-conductive.
@ Aerogels are great thermal insulators.

@ Aerogels mainly SiO,,.



Tailor Properties

@ Soak aerogel with AgNO4 in 2-propanol.

@ Irradiate with highly-collimated X-ray beam.

@ Irradiations as low as 30 s cause the
formation of conductive arrays of Ag
nanoclusters.






Conclusions

@ Rule out alloying in AgPt system.
@ Very Confident of alloying in AgPd system.

@ Possible local segregation of Pd in AgPd
system reducing average near-neighbor
length.

@ Create wires of nanoparticles in dielectric
materials to tailor properties.






Radiation Damage

@ Many reasons to be interested in radiation
damage. One of the most important to me is:

@ Space Travel

@ I will illustrate how the synchrotron
techniques can be used to study radiation
damage with Pu alloys and Spinels



Pu CRYSTAL STRUCTURES

@ The Plutonium phase diagram is complex between 25 C and 600
C plutonium undergoes 5 phase transitions.

Alpha (monoclinic) Delta (face-centered cubic)







STRAIN ANNEALING

@ Solid State Crystal
Growth

a Deform Metal (Strain)

o Heat (Anneal)

® Grain Growth
Predominates

® Net Increase of Grain Size




@& LANL

o Repeated Sputter-Anneal Cycles S U RIF A CE
to Remove Dissolved O, pR E PAR ATI O N

@ Samples Transferred to Vacuum
Transfer Vessel

Sputter Gun

@ Shipping

@ Samples Shipped in Vacuum
Transfer Vessel at 10-8 Torr Transfer Rods

@ ALS

@ Final Cleaning Done in Sample
Handling and Integrated
Transfer System for Pu Intense
Light Experiments

® Sputter 5 kV Ar ions

& Anneal 75 °C



SPUTTER CLEANING

@ Sputtering Removes Surface Contamination

@ Annealing Removes Sputter Induced
Defects

N
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Disk
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Before Sputter After Sputter



Pu CORE LEVEL PES

® 4f Core Level Photoemission

Sharp Metallic
State

Pu 4f Core Level
hv = 850 eV Broad Manifold of States
Pass Energy 6 eV
—— Alpha
—— Delta

Intensity
o
|

[ [
-440 -430

Binding Energy (eV)







DELTA RESPES




RESPES




VALENCE BAND

Valence Band
Resonance
hv =125 eV

@ Density of States Delta
---- Alpha

@ Alpha more
density near E;

® Delta more
density at
higher binding
energy away
from E;
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® Consistent with
localization of f-
electrons in Delta
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Band Theory

® Band Structure

@ Density Functional
Theory

o n(r) = |[W(R)?
@ Assume n(r) = = |[y(r)l?

@ LDA assume slowly
varying n(r)

@ Correlated Electron
Effects

® B = Epa [y + Nyl
+ AEcorr I:nloc:|

D rlIoc - 4



o Density of States

@& 4 localized 5f
electrons

@ Good Agreement

@ Theory Missing
One Peak at
~0.5 eV

Photoemission
Matrix

Elements NOT
Accounted for
in Calculation

DELTA THEORY
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Valence Band
d - Plutonium
hv = 125 eV
EXPT
—— THEORY

[
-4
Binding Energy (eV)
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ALPHA THEORY

@ Density of States

Valence Band
a - Plutonium

hv = 125 eV
electrons —— THEORY
itinerant

@ Good Agreement
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@ Theory Missing
One Peak at E;

@ Photoemission
Matrix
Elements NOT
Accounted for

in Calculation
-4
Binding Energy (eV)




ResPes Theory

® Resonant
Photoemission

® Atomic Calculation
® Resonant Channel
® Direct Channel

@ Interference
between the two
channels gives rise
to resonant
photoemission

@ Fano Paraameter (q)

<5d195f3|r|5d5f%> -> <5d°5f%|e?/r|5d°5f* + e->

<5d°5f3|r|5d1°5f4 + e->

q

~ <5d95f3|r|5d?5f> / <5d°5f%|r|5d°5Ff4 + e->



Pu RESPES

@ Resonant
Dependence Upon

Fano Parameter (q)

——q=4

Photoemission — -

q
q
q .5
q

@ Atomic Calculation

Intensity (a. u.)

@ 5d 5f 5f

Reduced Energy

Theoretical
Atomic Plutonium
ResPES

Experimental
Delta Plutonium
ResPES

BE=-12.0eV

BE=-3.2 eV

BE =-12.28 eV
BE=2.1eV

Intensity
Intensity

BE = 0.0 eV
BE = -0.56 eV

I I I I I I
100 120 110 120 130 150
Photon Energy (eV)

Photon Energy (eV)




Radiation Damage???
@ Science Based Stockpile Stewardship
@ 38 year-old Plutonium
@ Lineshape similar to 0-Pu

@ High Energy Oscillatory Structure similar to x-Pu




Pu L; Absorption Edge

Pu L; X-Ray Absorption
Fluorescence Yield
— 2.0 wt%
; ) — 1.6 wt% t~45 yr
o F-Yield — 1.1 wt%
1.0 wt% t~32 yr
0.7 wt%

— 0.5 wt%
Bulk — 0.0 wt% t~36 yr

Measurement —— 0.0 wt% /\/\/\/\;

Self-
Absorptiom

Intensity

Gallium
Concentration

Sample Age

I
18.1
Photon Energy (KeV)




UNIQUENESS TESTING

1 —Pu _017exafs

® 0.5 wt% Ga unusual



RADIATION DAMAGE
& MgAl, O,

@ Al octahedral

@ Mg tetrahedral




RADIATION DAMAGE

@ Mg K-edge NEXAFS

MgAl O,

Mg K-edge NEXAFS
Irradiations at 120 K
—— Unirradiated

—— 5.0E14 Xe/cm®
1.0E15 Xe/cm”®
1.5E15 Xe/cm®
2.0E15 Xe/cm®

—— 2.5E15 Xe/cm®

—— 3.0E15 Xe/cm®

—— 5.0E15 Xe/cm®

—— 1.0E16 Xe/cm®

Intensity (a.u.)

I I
1320 1330

Photon Energy (eV)




RADIATION DAMAGE

Mg K-Edge NEXAFS
— MgAl,O,

—— Theory
—— Experiment

I I
1310 1315 1320
Photon Energy (eV)

@ First Understand Starting Material




RADIATION DAMAGE

@ Al K-edge XAS

MgAl O,
Al K-edge NEXAFS

Irradiations at 120 K
—— Unirradiated

—— 5.0E14 Xe/cm®
1.0E15 Xe/cm®
1.5E15 Xe/cm
2.0E15 Xe/cm

—— 2.5E15 Xe/cm

—— 3.0E15 Xe/cm

—— 5.0E15 Xe/cm®

—— 1.0E16 Xe/cm®

2
2
2
2

Intensity (a.u.)

0

[ [ [ [ [ [ [ [
1540 1560 1580 1600 1620 1640 1660 1680

Photon Energy (eV)




RADIATION DAMAGE

@ Al K-edge XAFS

Al K-edge EXAFS
Transform Magnitude
— Unirradiated

1.0E15 XE/cm®
—— 1.5E15 XE/cm®
—— 2.0E15 XE/cm
— 2.5E15 XE/cm
—— 3.0E15 XE/cm
—— 5.0E15 XE/cm
—— 1.0E16 XE/cm




RADIATION DAMAGE

@ Al K-edge XAFS

Al K-edge EXAFS
Transform Magnitude
—— Unirradiated

1.0E15 XE/cm
— 1.5E15 XE/cm

2.0E15 XE/cm
— 2.5E15 XE/cm
—— 3.0E15 XE/cm
—— 5.0E15 XE/cm
— 1.0E16 XE/cm
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RADIATION DAMAGE

@ X-ray Absorption Good Probe of Radiation
Damage



CdTe Solar Cells

® There are some people that just dont favor
Nuclear Power

® Try to understand the mechanisms that limit
efficiency in Solar Cells



CdTe Solar Cells

CdTe based Cell

200A Au
2.3um CdTe
0 3um CdS
\
3mm Glass Transparent
Conductive
Oxide

EXAFS
samples

200A Au

2um CdTe

1mm fused silica

Procedure:
2um CdTe film on Qtz.

]

CdCl, treatment in Air

l

40~200A Cu

]

200°C Diffusion in
N, for 45 min.

optional

HCI etching to remove
elemental copper left on
surface



Non CdCI2 treated CdTe : Cu

Relative Absorbance

8950 9000 9050 9100 9150 9200 9250
Photon Energy(eV)

Relative Absorbance

CdCl, treated CdTe : Cu

8950 9000 9050 9100 9150 9200 9250
Photon Energy(eV)




Non-treated CdTe film + diffused Cu

as-grown CdTe:Cu film on Qtz.

o
o

Cu2Te

o
N

© o o o o
N WD O O

Magnitude of Fourier Transform

o
-_—

4
R(A)

CdCl, treated CdTe film + diffused Cu

©

e CdCI2 treated CdTe:Cu film on Qtz.

o

copper (I) oxide

-

©O O O O ©O O O

Ma%nitude of Fourier Transform
o

O 2N whdAu o N
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Magnitude of Fourier Transform

—— CdTe:Cu film on Qtz.
— Fitting

FEFF theoretical fitting to ¥(R)

As-grown CdTe:Cu film on Qtz.

bond scattering N dN(+/-) R(A) o2(A) AE

Cu->Cu->Cu 0.39 222  0.010
— Cu2Te St Ch 0.37 245 0005 .
— Cu2Te-fitting Cu->Te->Cu 0.96 2 56 0.024
Cu,Te
Cu->Cu->Cu 0.16 226  0.005
Cu->Cu->Cu 0.60 2.52 0.010 467
Cu->Te->Cu 0.87 2.61 0.029 ;

Cu,_Te forms in CdTe:Cu film



XAFS

Oxidized copper on Grain Boundary dissolved by HCI

Cu in CdCl, treated CdTe+ 10s HCI etching

Cu in CdCl, treated CdTe
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Cu,0 lost after
HCI etching

| Cu in CdCl, treated CdTe+ 10s HCI etching

Cu in non- treated CdTe

Magnitude of Fourier Transform




CUZO Cuzle CdTe

@ Cuz0

@ Band Gap ~ 2.0 eV
@ CuzTe

® Band Gap ~ 1.5 eV
@ CdTe

® Band Gap ~ 1.5 eV

® Band Gap Mismatch Inhibits Recombination At
Grain Boundary



Conclusions

@ 1In polycrystalline CdTe film without Cl treatment, Cu
resides predominantly in a Cu,Te environment

@ With Cl treatment, the chemical environment
surrounding most of Cu atoms is similar to cuprous
oxide Cu,O

@ Cu,0 resides mainly as mono-layers along the grain
boundary

® Cu,0 may play a important role in grain boundary
passivation

@ Hot off the press, Cu,0 forming clusters during
light soak
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XAS Experimental

@ Handling
Radioactive
Material




Shipping Under Vacuum

@ Battery Operated Ion Pump
@ Shipping Documents Pu - 1 page

@ Shipping Documents Excide Lead Acid Battery - 26 pages
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-
Disk R £ , #

~lutonium
Disk

Before Sputter After Sputter



Sealed Ar Container




Measurement Cells

@ Why E-Yield?

® Fluorescence-
Yield Too

@ Large Kapton Window
Allows for Simultaneous
F-Yield Measurement

& Details

® Sample Sealed With
Indium Wire and Mutiple
Kapton Layers

@ System Filled With He
for Electron Amplification

® Sample Biased -50 V



BEAM LINE
CONTAINMENT

@ Kapton Sealed
Container

® Three Large Windows

® One Large Window In
Front (Allows FY Light
to Detector)

@ One on Each Side to
Light Beam Into and
Out of Cell

@& Containment Vessel
Holds Room Air




@& LANL

o Repeated Sputter-Anneal Cycles S U RIF A CE
to Remove Dissolved O, pR E PAR ATI O N

@ Samples Transferred to Vacuum
Transfer Vessel

Sputter Gun

@ Shipping

@ Samples Shipped in Vacuum
Transfer Vessel at 10-8 Torr Transfer Rods

@ ALS

@ Final Cleaning Done in Sample
Handling and Integrated
Transfer System for Pu Intense
Light Experiments

® Sputter 5 kV Ar ions

& Anneal 75 °C



